The temperate actinophage RP3 integrates sitespecifically into the chromosome of Streptomyces rimosus R6-554. The phage attachment site attP and the hybrid attachment sites of the integrated prophage-attL and attR-were cloned and sequenced. The 54nt core sequence, common to all RP3 related attachment sites, comprises the 3' terminal end of a putative tRNA Ar 9(AGG) gene. AttB bears the complete tRNA gene which is restored in attL after integration. A 7.5kb H/ndlll fragment, bearing attP, was used to construct an integrative plasmid to simulate the integration process in vivo and to localize the phage genes necessary for site specific integration. The int and xis genes were sequenced and compared to other recombination genes.
INTRODUCTION
The temperate actinophage RP3 was originally found together with another temperate phage-RP2 (I)-as prophage of the oxytetracyclin (otc) producing strain S.rimosus R6-65 (2) , which is the genetically best characterized strain among the industrially important Streptomycetes. In spite of its unusually long life cycle (latent period of 6 h, growth period of 4 h) the phage can be propagated to high yields on a RP3 free derivative of its host strain, called S.rimosus R6-554. The phage is member of the group B1 of bacteriophage taxonomy (3), according to its tadpole shaped morphology and its double stranded DNA genome (62.4 kb; G+C content of 69%). The RP3 genome has cohesive ends implying site-specific staggered cutting of concatemeric DNA probably resulting from rolling circle replication (4) . RP3 lysogenizes its host via site specific recombination between the phage (attP) and the S.rimosus att site (attB), like phage Lambda (5) and many other bacteriophages or integrative plasmids (6, 7) . In all site specific recombination systems known, the functions required for attP driven integration are tightly clustered to form a functional module (8) . Such a recombination module represents the ideal source for the construction of vector systems that enable to introduce foreign DNA sequences in single copy at a specific site within the host chromosome and without disturbing any host function. For better understanding of the functional role of such modules and the molecular nature of their interactions with Streptomycetes chromosomes, we have been investigating the functional sites and genes involved in the integration of RP3. In this communication we describe the chromosomal DNA segments involved in site specific recombination events and an in vivo test system for integration.
MATERIALS AND METHODS
The Streptomyces strains S.rimosus R6-554 and S.rimosus R6-554(RP3) (lysogen with RP3 prophage) (2) were used as host for RP3 and as sources for DNA isolation, respectively. Culture conditions and DNA isolation procedures for Streptomyces and actinophages have been described previously (9) . S.rimosus protoplasts were prepared according to the method of Pigac et al. 1982 (10) . E.coli strains JM109 (11) and AB1157 dam-4 (12) were used for transformation experiments and plasmid amplification. Cloning experiments were performed according to Sambrook et al. 1989 (13) using the plasmid vectors pIC20R and pIC20H (14) . The Streptomyces plasmid piJ702 (15) was used as donor for the thiostrepton resistance gene (tsr gene). DNA transfer was performed according to Southern (16) . The attachment sites were sequenced on both strands by the dideoxynucleotide chain termination method (17) . Hybridization experiments were performed using a non-radioactive DNA labelling and detection kit, as recommended by the commercial supplier (Boehringer, Mannheim). For DNA sequence analysis DNAStrider (18) and Mac-Molly (Soft Gene; Berlin) programmes were used.
RESULTS
In a previous paper (2), we localized the attachment site of RP3 on an approximately 300bp SaRJClal fragment close to the center of the linear restriction map ( Fig. la and b) . This fragment was cloned into pIC20R and sequenced. To find out the precise location at which site specific recombination occures, it was necessary to clone and sequence the hybrid att sites, attL and attR, as well. Southern blot analysis of Pst\ digested RP3-and * To whom correspondence should be addressed S.rimosus R6-554 (RP3) genomic DNA (lysogen with RP3) showed that a 3.1kb Pst\ fragment, present in free RP3 DNA disappears when RP3 integrates into the S.rimosus genome. Instead of this fragment two new bands, bearing attL and attR, with sizes of 11 .Okb and 5.8kb appeared. DNAs of the corresponding sizes were isolated from the gel and shotgun cloned into pIC20R. Positive clones were screened by the colony lift technique using DIG-labelled Pst\ 3.1kb fragment of RP3 as a probe. The pIC20R derivative bearing the 11.0kb attL insert was named pKG9.7, the clone bearing the 5.8kb attR fragment was named pKG5.8. Figure 1 c shows the attB region of S.rimosus R6-554 as inferred from the restriction maps of pKG 9.7 and pKG5.8. From the two plasmids subclones were made in order to facilitate sequencing of attL and attR in both strands. The sequences of attP (293bp SaWClal fragment; X67955), attL (318bp SmaVClal fragment; X67954) and attR (476bp SalUSmal fragment; X67956) were compared to detect a 54bp core region (Fig. 2b) , common to all RP3 related att sites and to infere the sequence of the 501bp SmaUSmal attB fragment of S.rimosus (shown in part in Fig. 2c ). The relatively large core sequence indicated the involvement of a tRNA gene as bacterial target site for integration. A tRNA search, using the highly conserved procaryotic Ti|/C-loop (GTNCNANNC) (19) as a test sequence, yielded in a complete tRNA Ar E(AGG) gene with an anticodon 5'-CCT-3' within attB. The putative secondary structure of this tRNA is shown in Figure 3 . The core sequence comprises 73% (54bp) of the 3' terminal end of the complete tRNA gene (74bp). Like other tRNA genes within the genus Streptomyces, the tRNA Ar §(AGG) gene does not code for the 3'-CCA sequence usually present in mature tRNAs (20) . The tRNA gene is completely restored in attL after integration of the prophage. Within the 501bp sequence of the attB fragment no other tRNA gene could be detected by the method mentioned above.
Another conspicuous secondary structure, downstream of the core sequence of site specific recombination is a 16bp imperfect inverted repeat (3 mismatches, with a 6 nucleotide loop) present in both, attP and attL, which could be a transcriptional terminator (Fig. 2b) .
After sequencing the sites of recombination we were looking for the DNA sequences bearing the corresponding genes, responsible for site specific recombination. One striking characteristic of bacteriophage and plasmid integration systems which are mediated by site specific processes is that functions required for integration (i.e. attP and the integrase gene) are tightly clustered. The 7.5kb HindlW fragment of RP3 (Fig. 1) contains the attP sequence at about 3.8kb and 3.2kb from its ends and should therefore also contain the putative integrase gene. To test this hypothesis the plasmid pKG2 was constructed. It is based on the pIC20R E.coli vector (14) with the thiostrepton resistance gene from pi J702 (15) as selection marker for Streptomycetes and the 7.5kb Hindlll fragment mentioned above as putative RP3 integration module. This vector is assumed to contain no known Streptomyces replicon. After transformation of S.rimosus protoplasts with pKG2, stable thiostrepton resistant clones can only be achieved, if the plasmid recombinates into the bacterial chromosome. The plasmid pKG2 transforms S.rimosus protoplasts relatively poorly (ca. lO'-lO 2 transformants/(a.g DNA). Twelve clones could be tested by Southern analysis and the sizes of the hybridizing bands detected were consistent with predictions for integration of one copy of pKG2 into the S.rimosus genome at the attB site. These data (not shown) indicated that integration of pKG2 was site specific and that the 7.5kb Hindlll fragment of phage RP3 contains all information required for the recombination process. The integrated plasmid also appeared to be structurally and segregationally stable, even without selective pressure. After six sporulation cycles without thiostrepton, 92% orf 62: of the tested single colonies (ca. 3000) were still resistant to thiostrepton.
In subsequent experiments, subclones of the 7.5kb Hindlll fragment were constructed and tested by transformation experiments, as decribed above. The results are shown in Figure lb . Fragments extending over the right side of attP were not able to transform S.rimosus while relatively large fragments bearing attP and additional DNA of both directions were able to transform S.rimosus to thiostrepton resistance via integration into the chromosome. Due to the fact that the genes required for site specific recombination are always located only on one side of attP, we concluded that the integration functions should be coded on the left side of attP.
Consequently, the ca. 2.5kb NruUSall fragment of the RP3 attP region, adjacent to the left side of the 293 bp SaWClaX fragment of attP (Fig. lb) was cloned and sequenced. The complete sequence (including attP) has a length of 2886 bp and a G+C content of 66% (sequence shown in part in Fig. 2b ). Several open reading frames (orf) larger than 150bp could be detected. To select only orfs with a reliable coding probability, we concentrated on those with a G+C content of more than 80% in the third base of the codon, because the codon usage of Streptomyces DNA (ca. 73% G+C) is strongly biased toward G+C in the third position of the codon. With the putative protein sequences of the four orfs selected (orf&l, orfJ46, orf62, orf447) (Fig. 1 b) , a database search was carried out, but no protein sequence of significant homology could be detected.
Alignments of proteins from the Int related family show extensive diversity and the only homologies are located in the C-terminal part, where His (family position 396), Arg (399), and Tyr (433) are highly conserved (21) . Orf447, which adjoines attP shows features that make it an ideal candidate for the RP3 int gene (21) . It encodes a 447 amino acid sequence with a deduced molecular mass of 50.2 kDa. It initiates at GTG 333 and terminates at TGA 1674, which is close to attP and codes for 87 (19.5%) basic amino acids (compared to 50 acidic residues), typical for DNA binding proteins. A visual inspection of the orf447 derived amino acid sequence enabled us to detect a region with some similarity to corresponding sequences of other Int proteins (Fig. 4a) . It can be seen that the conserved positionsmarked by arrows in Figure 4 -are present at amino acid position 364 (Arg) and 396 (Tyr) in the RP3 sequence. His (396; family position) is substituted by Arg (361) within the RP3 sequence, analogous to the sequence of pSAM2 Int (22) . This information and the fact that the DNA fragment bearing orf447 promotes integration allows us to tentatively assign the Orf447 gene product as an integrase and the gene encoding orf447 as int.
The functions necessary for site specific recombination and attP are usually clustered within the phage genome. That means the xis gene should be encoded by orf62, which is located upstream of orf447 (Fig. 1 b) . Otf62 is assumed to initiate at GTG 169 and to terminate at TAA 355, showing a 25bp overlap region with orf447. It generates a 62 amino acid peptide with a predicted molecular mass of 6.9kDa and eight (13%) basic amino acid residues compared to four acidic residues. It also exhibits limited similarity to the N-terminal conserved region of other excisionase proteins (Fig. 4b) . This information indicates that orf62 could be the RP3 analogous to xis, although we have not established a test system for the excisionase function.
The remaining orfs-orf61 and orfl46-encode for putative proteins of 5.9kDa and 15.1 kDa respectively of still unknown functions.
DISCUSSION
The functions required for site-specific recombination of the RP3 genome into the S.rimosus chromosome have been localized to a 2.8kb region in the center of the linear map of RP3. Nucleotide sequence analysis of this region revealed four orfs in addition to the previously localized phage attachment site.
Comparative sequence analysis of attP and the hybrid att-sites (attL, attR) showed that the RP3 genome integrates via conservative site-specific recombination like all the other recombination systems based on proteins belonging to the Lambda integrase family. Another widely spread feature of this recombination system is the fact that the bacterial target site is a tRNA gene (Arg) (23) . It fulfills all the rules that seem to be important for this kind of recombination site, (i) The core sequence comprises the 3' terminal part of the tRNA gene, (ii) Integration restores an intact tRNA gene (with unchanged upstream region) in attL. (iii) The anticodon is part of the core region, (iv) The tRNA used as target site shows no obvious differences to normal tRNAs. In addition the corresponding 5'-AGG-3' codon is used at relatively low frequency in Streptomyces genes in general (24) . Orf447 contains two AGG codons whereas orf62 is free of it. So it is possible that the unique tRNA Ar §(AGG) gene is not only important for the recombination process, but also for the regulation of the translation of a proper amount of Int and Xis. Another argument for this hypothesis could be the fact that 14 orfs of the actinophage <KT31 are free of the 'AGG' (Arg) codon (25) , whereas the <UC31 int gene contains five 'AGG' codons (26) .
The region of dyad symmetry downstream of the tRNA gene is common to five other Streptomycete plasmid integration systems (27) . It is discussed as transcriptional terminator that prevents cotranscription of phage genes together with the tRNA Ar 8 gene (27) . On the basis of preliminary functional analysis of the attP region of RP3 it was possible to localize the functions necessary for site-specific integration. Sequence analysis and comparison to other int and xis genes allowed us to identify two open reading frames {orf447 and orf62) that exhibit high probability to code for the corresponding functions. Orf447 is localized in close vicinity of attP, it has a length (447aa) and a content of basic amino acids (19.5%) typical for the family of Lambda related integrases, it bears a C-terminal domain with certain similarity to the conserved region of other integrases and plasmids containing this orf are able to promote site-specific integration into the S.rimosus chromosome. Orf62 exhibits size (62aa), location (upstream of orf447: int) content of basic amino acids (13%) and a N-terminal homologous region typical for excisionases, but as long as we have no functional test for this gene we cannot be sure that it codes for an excisionase.
The putative int and xis genes of RP3, like those of other site-specific recombination systems, are clustered. Analogous to several other cases (28) , these genes are organized in a way that the xis gene lies upstream of the int gene and overlaps it 25 nucleotides. It can be speculated that this organization supports the regulation of the cellular concentrations of these proteins by sterically interfering the translation of one of them. Some sequence motifs, homologous to promotor or ribosome binding sites (29) , could be found (not shown), but it is difficult to evaluate their significance without further information. It is interesting to notice that the 3.1 kb Pstl fragment, shown in Figure  lb is not enough to promote site-specific integration, although it contains the complete int gene as well as 333 bp upstream sequence. Some other factor coded between the Pstl site and the Nru\ site (Fig. lb) seems to be necessary, eventually the product of orf61 or or)146. Both orfs show no significant homology to any known protein, but they bear three ' AGG' codons (orf61) and one codon (orf]46)'AGG' respectively. That makes them possible candidates for genes regulated via the tRNA Ar S(AGG) like the int gene. Further experiments will answer the question whether these two orfs are involved in the regulation of site specific recombination of the actinophage RP3 or whether they are regulated together with the int gene.
